A few hour3 after administering iron to rats, liver ferritin synthesis Increases several fold. However, Northern blot analysis with oDNA probes for ferritin light (L) and heavy (H) subunlt mRNAs failed to show an Increase in total population of either messenger. Cytoplasmic distribution of ferritin messages was therefore investigated in control and iron administered rats killed at 3-5 hours. The liver post-mitochondrlal supernatant was fractionated on a sucrose gradient to separate polyribosomea, monosomes, rlbosonal subunits and cell sap. RNA extracted from each fraction and analyzed using Northern blotting showed that 65J of the total mRNA population for each subunlt was present in the cell sap of control rats, presumably as mRNP particles since rlbosomal RNA was absent from this fraction. After iron administration, these reserves of free mRNA were recruited onto the polysomes, reducing the free mRNA pool to 15$ of the total. We interpret this to be due to activation of blocked ferritin messages on entry of iron into the cell.
INTRODUCTION
The occurrence of free, untranslated mRNA has been reported in undlfferentiated tissues, e.g. In oocytes of echlnoderms and amphibians and In differentiated tissues such as avlan erythroblast, rabbit reticulocytes, mouse kidney, chicken muscles, Hela cells, rat liver (1). However, only a few studies demonstrate the utilization of these pre-existing stores of mRNAs for protein synthesis under conditions of induction, such as the translational activation of maternal mRNA after fertilization of Splsula oocytes (2), mobilization of maternal hlstone mRNA after fertilization of sea urchin egg (3). glucose-induced prolnsulin synthesis in rat pancreatic cells (1), and selective translation of maternal T, mRNA during Drosophila embryogenesls (5). The mechanisms underlying the translational activation of stored mRNP are not well understood. It has been suggested that translational repression and activation may be caused by the presence and removal of "masking" proteins (6) . Ferritin provides an example of a protein whose synthesis is regulated by translatlonal control from a pool of untranslated message by a specific lnducer, namely iron.
Ferritin plays an essential role In the iron metabolism of all organisms, acting as an iron store by sequestering It In a nontoxlc but readily available form. In case of iron excess, ferritin message responds in an autoregulatory fashion to increase ferritin synthesis in order to accommodate the overload and prevent cellular injury by Iron oxidation (7) . This Induction of ferritin protein has been demonstrated in many organisms but the mechanism has mostly been Investigated using rat liver as a model. Administration of actlnomycln D or cordycepln does not prevent the Increase In ferritin synthesis (8, 9) , indicating that the regulatory step(s) may be at a post-transcriptlonal level. When the cytosollc mechanism of ferritin regulation was investigated, it appeared that substantial amounts of ferritin mRNAs were stored In the postpolysomal fraction in the nonlnduced animal (9).
These sequestered ferritin messages were rapidly recruited into polysemies following Iron administration. However, the translational system for ferritin mRNA assay did not distinguish between the two subunits of ferritin. Using cDNA probes for the L-and the H-aubunlt mRNA, we now show that the pool of untranslated mRNA contains an abundance of mRNA for both subunits. These reserves of nonpolysomal ferritin messages are not present in the same cell fraction as monosomes or the 103 and 60s ribosotnal subunit and are therefore presumed to be present as mRNP particles whose activation is sensitive to iron.
MATERIALS AMD METHODS

Animals
Male Sprague-Dawley rats 100-150g from Charles River Breeders were maintained on a standard diet of laboratory rat chow. For short term iron stimulation, experimental rats were injected intraperitoneally with HOOpg of iron per lOOg body weight in the form of ferric ammonium citrate and killed 3.5 hours later. In some experiments, animals were killed at various times from 0.5 up to 65 hours after ferric ammonium citrate Injection. For long term iron stimulation experiments, 1.6 mg of Fe as iron dextran per lOOg body weight was administered daily for one week. In all cases, control animals received an equal volume of 0.85J saline.
Isolation of plasmld DNA Plasmld DNA was isolated after choramphenicol amplification of E.coll cells. Cleared lysates were prepared according to the method of Clewell and Helinsky (10) , and digested for 2 to 3 hours with 0.1 mg/ml proteinase K at 37°C, precipitated with ethanol and subjected to ethidlum bromide CsCl density The DNA was transferred on to a Biodyne filter, baked and hybridized In 5X SSC, 10 mM Na,P0,,, pH 6.9, 5X Denhardt's solution, 0.1J SDS at 65°C. The first three lanes, namely H-cDNA, L-cDNA,and vector only were probed with "Plabeled L-cDNA. The second three lanes, namely vector, H-cDNA and L-oDNA were probed with H-cDNA. The filters were washed at 1.5X SSC, 0.1J SDS at 50°C, and autoradlographed.
accompanied by an increase In the levels of ferritin messages after Iron administration, total liver RNA was extracted from rats (E) killed at 0.5, 1, 1.5, 2, 3, 6, 12, 21, 18, or 65 hours after iron injection. RNA from salinetreated control animals (C) was also extracted at each time point. Northern blot analysis did not indicate any consistent change in the amount of ferrltln H-and L-mRNA at any of these times in either control or experimental rats (data not shown). This is consonant with the finding (8,9) that actlnomycln D does not prevent the increased ferritin synthesis caused by Iron administration. In order to Investigate the effect of long-term Iron overload, experimental rats (E) were Injected dally with four times as much Iron as in the previous experiment for one week. Control rats (C) received only saline. Total RNA extracted from liver, spleen and heart was then used to run Northern Figure 2 . Total cellular level of ferrltin L and H subunit aRNA in rat spleen, heart and liver in control rata and in rats iron-overloaded for one week. Rats were injected with 1.67 mg of iron (E) per 100 g body weight while control rats (C) were injected with 0.85J NaCl dally for one week. Total cellular RNA was extracted from apteen (S), heart (H) and liver (L). Total RNA (30 yg) was glyoxylated and run on a 1.5J agarose gel in 10 mM sodium phosphate, pH 6.5 and blotted. The filter was treated as described in Methods. The filter was probed with L-cDNA and washed at 0.1X SSC at 50°C (A) and then probed with HcDNA and washed at 1X SSC at the same temperature (B).
blots. Once more, In none of the tissue mRNAs do the densities of the Northern blots show distinctive enhancement following iron treatment (Fig.2) , which was confirmed by scanning of the autoradiograms. This suggests that the total amount of mRNA for the H-and L-subunlt in the tissue does not Increase with prolonged iron treatment. Distribution of ferrltin mRNA In the liver cytoplasm of untreated and Irontreated rats Polysomal, monosomal and rlbosomal subunit RNA were separated from free mRNP particles (non-polysomal RNA) on sucrose gradients using UV monitoring to identify these components as peaks on the profile emerging from the gradient (not shown). The gradient was collected into a series of fractions from each of which the RNA was extracted, run on a glyoxal gel and stained with ethldlum bromide to Identify the distribution of the ribosomes and their subunits through the presence of 28S and 18S RNA. In Fig.3 lanes 1, 2, and 3 The above protocol was repeated in order to compare the effect of iron on the distribution of H-mRNA with that of L-mRNA. In addition, a probe for the enzyme phosphoenolpyruvate carboxykinase (PEPCK) was Included on the basis that it, like ferrltln, is made on free rlbosomes, but should not undergo changes in distribution in response to iron stimulation. In this study, the rat liver cytoplasm separated on a sucrose gradient was collected in 1 •) fractions. Following separation of the extracted RNA on agarose gels, they were blotted and probed by applying ''P-labeled L-cDNA, H-cDNA and finally PEPCK-cDNA sequentially to the filter, followed by autoradiograms at each application of a probe (Fig.5a and b) . For control animals, the pool of nonpolysomal message for ferritin H-mRNA is Just as abundant as that for L-mRNA (Fig.5a) . When the rats received iron prior to killing, the L-mRNA and H-mRNA shifted across the gradient to the region of the polysooes (Fig.5b) . Quantitatlon of the message levels by densltometrlc scanning of the autoradiograms shows that 65? of ferritin messages in the untreated animals are distributed in the nonpolysomal region of the gradient and 35> are in polysomes. Following iron administration, only 15t of ferrltin messages remained in the non-polysomal region while 85% had become polysome-assoclated. In contrast, the PEPCK message showed little evidence of a pool of nonpolysomal mRNA and no significant change in distribution following iron treatment ( Fig.5a and 5b ). It may be noted that the peak polysome size of PEPCK ocours in lane 11 whereas the peak polysome size of ferrltin occurs around lane 9. This is consistent with the 2.8 times larger size of PEPCK mRNA (21) which can thus accomodate a greater number of ribosomes than ferritin mRNA. The filters were further probed with an albumin oDNA probe and, as expected, there were no changes in the distribution of the albumin message across the gradient with iron treatment (not shown). Iron is thus able to selectively activate ferrltin messages.
DISCUSSIOW
In this study we provide direct evidence to demonstrate the storage of untranslated message and Its subsequent utilization in a mammalian cell in response to a specific stimulus. In the unstimulated animal, the raRNAs for both subunits of ferrltin are shown to be present in abundance as free mRNP. Rats were injected with J400 yg of iron as ferric ammonium citrate per 100 g body wt., or 0.85J NaCl and killed 3.5 hours later. Liver cytoplasmic RNA was fractionated by sucrose density gradient as described in Methods. The gradient was collected In 11 fractions and RNA extracted from each fraction was used for Northern blot analysis. The same filter was probed sequentially with (1) H-cDNA, (11) L-cDNA, and (111) PEPCK-cDNA after stripping the preceding probe between each hybridization. The distribution of the individual mRNAs for control rats is shown in A and iron stimulated rat is shown in B.
concommltant change In the level of the messenger RNA (23, 21) . However, In most cases, the mechanism of Increased translatlonal activity has not been Identified. To provide for rapid adaptation, it Is usually preferable for the cell to exert control at the translatlonal level rather than at the genomlc level. The activation of pre-existing untranslated mRNA is likely to provide a more rapid response than gene activation which requires new message to be synthesized, processed, transported to the cytoplasm and then translated. Translatlonal control may also be preferred in situations where It is necessary to reverse Induction of the protein rapidly as is the case during the recovery phase of heat shocked Drosophlla cells (25) . In the case of ferritln induction by iron, a rapid response may be essential since accumulation of free iron level is known to be injurious to cell organelle3 due to its oxidative properties (7) . A quick elevation in ferritin protein level can sequester the excess iron and prevent cellular injury. Also, as the free iron level inside the cell subsides rapidly by Its fast uptake into the newly synthesized ferritin shells, it may be equally important to quickly suppress further synthesis of the protein shell since It is believed that iron is released more slowly from sparsely filled shells than shells saturated with iron atoms (26) .
